Abstract: This paper proposes model to integrate production, inventory and transportation decision in a whole green manufacturing supply chain. The integration includes reuse and remanufacturing of returned used products. The manufacturing supply chain consists of tier-2 and tier-1 suppliers, a manufacturer, distributors, retailers and a third party. The manufacturer dissembles used products into parts. Reusable parts are remanufactured and reused again in finished products. A mathematical model is developed to coordinate production, inventory and transportation decision which considers multiple products simultaneously with determination of number of transportation units needed to deliver the finished products subject to their own capacities. Solution methods for the model are proposed based on three types of coordination mechanisms, decentralised, semi-centralised and centralised decision processes. The model and solution methods are illustrated with two numerical examples and results and findings are discussed.
Introduction
Green supply chain management (GrSCM) is rapidly gaining increasing interest over last ten years. It consists of three main topics that are importance of GrSCM, Green Design and Green Operations (Srivastava, 2007) . Srivastava (2007) defined GrSCM as "Integrating environmental thinking into supply chain management including product design, material sourcing and selection, manufacturing processes, delivery of the final product to the customers as well as end-of-life management of the product after its useful life". Among those topics, green operations are becoming much attention for many researchers around the world. Green operations include green manufacturing and remanufacturing, reverse logistics and waste management. One of green supply chain is a whole green manufacturing supply chain. It consists of tier-2 suppliers which produce raw materials to be supplied to tier-1 suppliers, tier-1 suppliers which produce parts for a manufacturer, the manufacturer which manufactures and assembles parts and reusable used parts into finished products and dissambles used products and returns recyclable used parts to tier-1 and tier-2 suppliers, distributors which deliver finished products to retailers, retailers selling products to end customers, and a third party which collects used products from end customers and returns them to the manufacturer. Because there are many players in the supply chain with their own aims and objectives, a coordination mechanism is required in order to manage the effective and efficient flow of raw materials, parts, finished products and returned used products among them (Jaber and Goyal, 2008; Khouja, 2003) .
With a coordination mechanism, production, inventory and transportation decision models of players in a green supply chain is integrated so as to achieve the overall objectives of the supply chain. Coordination of decisions in multi-level production and inventory has received a lot of interest in the literature (Chen and Chen, 2005; Ganeshan, 1999; Jaber and Goyal, 2008; Khouja, 2003; Munson and Rosenblatt, 2001; Sarmah et al., 2006; Savaskan, 2004; Kingsman, 2007, 2010; Chan and Lee, 2012; Ben-Daya et al., 2013) . But, they are still missing on considering green aspects as well as the decision to determine the need of transportation unit to deliver the items.
Based on a literature review, researches concerning the coordination of a multi-level manufacturing supply chain are still far. The literatures only consider parts of the supply chain. Chen and Chen (2005) developed a joint replenishment and channel coordination model between a manufacturer and its retailers. For three-level supply chains, Jaber and Goyal (2008) , Khouja (2003) and Munson and Rosenblatt (2001) developed a coordination model between suppliers, a manufacturer, and retailers.
Concerning returned used products, many papers have also been published but they still consider one or two players in the models. Choi et al. (2007) developed ordering and recovery policy for reusable items. Chung et al. (2008) developed a closed-loop supply chain inventory system with remanufacturing and Teunter (2001) developed EOQ model for recoverable item inventory system. These papers considered only a part of the supply chain such as one player in Choi et al. (2007) and a two-level supply chain in Chung et al. (2008) . El Saadany and Jaber (2010) developed an integrated production and remanufacture with managing returns' subassemblies differently. Also, Demirel and Gokcen (2008) proposed a mixed integer linear programming model for remanufacturing optimisation in reverse environment. Gou et al. (2008) developed a joint inventory model for a open-loop reverse supply chain and. Koh et al. (2002) proposed an optimal ordering and recovery model for reusable items. Finally, Jonrinaldi and Zhang (2013) developed an integrated production and inventory decision in a whole green manufacturing supply chain involving reverse logistics with considering finite horizon period in the model. Some papers consider reverse logistics in supply chain network but they did not also consider the transportation decision.
Few papers considered transportation decision which is separated from other cost, such as ordering cost. Kang and Kim (2010) developed integrated inventory and transportation decision in a two-level supply chain in which a supplier serves a group of retailers to determine the replenishment quantities and timing for the retailers as well as the amount of product delivered for the objective of minimising the sum of the fixed vehicle cost, material handling cost and inventory cost of the supply chain while Zhao et al. (2010) developed an integrated inventory and transportation decision in logistics system adopting a vendor managed inventory (a company and its four subsidiaries situated along a river). They considered different transportation modes, costs and inventory issues using Markov Decision Process (MDP) model. An efficient algorithm is developed for solving the model. Furthermore, Madadi et al. (2010) proposed inventory management decisions with transportation cost consideration in a multi-level environment consisting of a supplier-warehouse-retailer. They developed two modelsnamely, decentralised and centralised ordering model to investigate the effect of collecting ordering by retailers on the total inventory cost of the system. Similarly, Rieksts and Ventura (2010) developed inventory models over an infinite planning horizon with constant demand rate and two modes of transportation consisting of truckloads (TL) and a less than truckload (LTL). An optimal algorithm is derived for a one-warehouse one-retailer system. The paper also proposed three ordering policies. Differently, Çapar et al. (2011) developed a decision rule that minimise the total expected cost in two-stage supply chain that consists of two distribution centres and two retailers associated with all outstanding orders at the time of order placement; the retailers then repeatedly use the decision rule as a heuristic. Also, Chung (2012) considered the transportation cost to develop the new supplier-retailer inventory model under the condition that both supplier and retailer have adopted the two-level trade credit policy. Alenezi and Darwish (2014) proposed a model to determine facility location decisions, inventory decisions, and intermodal transportation decisions in a supply chain consisting of one supplier, distribution centres, transient points, and retailers who observe random demand that follows a certain probability distribution. The model is derived in large scale and nonlinear mixed integer programming. Furthermore, Konur (2014) considered carbon emission in an integrated inventory control and truckload transportation with heterogeneous freight trucks. Due to complexity of the optimisation problem, a heuristic search method is proposed based on the properties of the problem. The papers mentioned above still slack of considering green or reverse aspects in model. This paper therefore proposes an integrated production, inventory and transportation decision model in a typical green manufacturing supply chain. It extends works in Jonrinaldi and Zhang (2013) . The green manufacturing supply chain considers consists of multiple raw materials suppliers (tier-2), multiple parts suppliers (tier-1), a manufacturer, multiple distributors, multiple retailers and the third party logistics. The model considers reverse logistics and transportation decision. The third party collects used products from end customers and returns them to the manufacturer. The manufacturer disassembles used products into parts, reuses reusable used parts and returns recyclable used parts to tier-2 and tier-1 suppliers for minor process and recycling. The paper also considers capacity of transportation units. The remainder of this paper is organised as follows. Section 2 provides a definition of the problem, the notations used in the paper and the assumptions made in the model. Section 3 describes the coordination's used, models the cost functions and constraints of the transportation units, and develops solution methods for the model based on three different decision making processes. Section 4 solves the model with a numerical example and discusses the implications of using different types of decision making processes to the solutions. The paper is summarised and concluded in Section 5. Figure 1 shows the system description of the green manufacturing supply chain to be studied. Tier-2 suppliers produce raw materials and recycle used parts and supply them to tier-1 suppliers producing multiple-parts. Parts from tier-1 suppliers are then supplied to a manufacturer which manufactures, assembles parts, disassembles used products, and reuses reusable used into finished products. The finished products will be delivered to distributors distributing them to retailers. Used products are collected and returned by third party to the manufacturer. The work considers multiple raw materials, multiple parts, multiple products, and multiple used products along with multiple suppliers, distributors and retailers and a manufacturer, as well as a third party used products collector. Production rates for the manufacturer and all suppliers are considered to be finite. The paper assumes constant demand rates, zero lead times, and shortages are not allowed. It is also assumed that returned used products can be perfectly disassembled into parts. Some of the used parts, reusable used parts, are directly used into new finished products and some of them, recyclable used parts, are returned to tier-1 and tier-2 supplier for recycling and others are disposed. The quality of the reusable used parts is considered to be as good as new parts.
Problems definition, notations and assumptions
The mathematical model will be developed using notations listed comprehensively in Appendix, including model parameters, decision variables and the objective functions.
Model development
In this section, the total relevant cost function per unit time for retailers, distributors, the manufacturer, tier-1 suppliers, tier-2 suppliers and the third party, under coordinated policy are derived by developing the work had been done in Jonrinaldi and Zhang (2013) . Refer to Jonrinaldi and Zhang (2013) for some formulations in more details.
The cost of retailers
In a coordinated policy, all retailers adopt a common order cycle time T instead of their own individual cycle times. Every retailer r orders a batch of product i from distributor d (r ∈ d) every cycle time T. The total relevant cost incurred by all retailers, TCR, is thus given by
We adopt this formulation from Jonrinaldi and Zhang (2013) .
The cost of distributors
Distributor d is faced with orders from each retailer supplied by it based on their demand rates and so (see Jonrinaldi and Zhang, 2013) .
Similarly, all distributors adopt a common cycle time which is an integer multiplication of T, α D T. The total associated cost incurred by all distributors is as below:
We develop the work in Jonrinaldi and Zhang (2013) by adding the transportation cost to equation (3). Since the model considers the transportation cost, constraints of this equation will be ( (
The cost of manufacturer
The manufacturer adopts a production cycle time which is an integer multiplication of
For parts, the manufacturer adopts a cycle time which is an integer
The manufacturer is faced with order from each distributor d based on demand rates of ( ) ,
D for each product i. Thus the manufacturer has to satisfy a demand ( ) ,
See Jonrinaldi and Zhang (2013) for more details. The total relevant cost incurred by the manufacturer including the transportation cost is as below:
Similarly, the constraints for transportation decision are:
The cost of tier-1 suppliers
Tier-1 suppliers produce all parts needed by the manufacturer. Under the constraint that each tier-1 supplier has a limited production capacity, it is possible that some parts can be supplied by more than one tier-1 supplier. The total relevant cost including the transportation cost incurred by tier-1 suppliers is 
Again, constraints of transportation decision are
The cost of tier-2 suppliers
Raw materials supplied to tier-1 suppliers are produced by tier-2 suppliers. The total associated cost incurred by tier-2 suppliers is as follows. 
Furthermore, constraints of transportation decision are
The cost of the third party
Finally, the total relevant cost including transportation cost incurred by the third party is as follows.
where
and constraints for transportation decision are
( ) ( ) , , 1 ( ') 1 3 3 m i n 3
The whole system's cost function
The total relevant cost for the whole green supply chain is determined by summing equations (1), (3), (6), (8), (12) and (14).
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subject to constraints of equations (4), (7), (11), (13), (16).
Solution procedures
To solve this model, we propose three solution procedures based on three different types of decision-making processes, centralised, decentralised, and semi-centralised (see Jonrinaldi and Zhang, 2013) .
Centralised decision making
In the centralised decision-making process, the whole green manufacturing supply chain determines its all decision variables simultaneously. The equation (17) can be solved using available optimisation software such as LINGO.
Decentralised decision making process
Solution procedure for the decentralised decision-making process can be explained as follows: Equation (17) in the decentralised decision-making process can be optimised by sequencing optimisation from retailers to tier-2 suppliers and the third party. The complete steps can be explained as follows:
1 All retailers determine their optimal common order cycle time, T* and subsequently their economic order quantity. Then, retailers' total cost, TCR is computed in equation (1).
2 T* which is obtained from step (1) 3 T* and α D * which are obtained from equation (1) and equation (3) are substituted to equation (6). Similarly, equation (6) is minimised by searching optimal values of
< TCD((α M * + α P *) + 1) and they satisfy equation (7) as the constraint of equation (6). The manufacturer's total cost, TCM is computed in equation (6).
4 T*, α D *, α M * and α P * which are obtained from equations (1), (3) and (6) 6 T*, α D *, α M * and α P * are substituted to equation (14). Equation (14) is minimised by searching the optimal value of α3* and N3 where TC3(α3* -1) > TC3(α3*) < TC3(α3* + 1) and they satisfy equation (16) as the constraint of equation (14). The third party's total cost, TC3 is computed in equation (14).
Semi-centralised decision making
Semi-centralised decision-making process is the combination between decentralised and centralised decision-making processes as a alternative mechanism to solve the model. In this paper, centralised decision-making is applied to the distributors and the retailers which are named as first subchain. It dominates the second subchain. The second subchain consists of the manufacturer, tier-1 suppliers, tier-2 suppliers and the third party which are solved with decentralised process.
Solution procedure for the semi-centralised decision-making process can be explained as follows:
1 The first subchain determines its all decision variables (T*, α D *) simultaneously from equations (1) and (3).
In this paper we consider a manufacturing supply chain with two numerical examples. Example 1 consists of four retailers (r = 1, 2, 3, 4), two distributors (d = 1, 2), a manufacturer, two tier-1 suppliers (s′ = 1, 2), two tier-2 suppliers (s″ = 1, 2) and a third party. Example 2 consists of eight retailers (r = 1, 2, 3, …, 8), two distributors (d = 1, 2), a manufacturer, four tier-1 suppliers (s′ = 1, 2, 3, 4), two tier-2 suppliers (s″ = 1, 2) and a third party. Both examples have two types of finished products (i = 1, 2). The values of the input parameters for example 1 are partly adopted from the literature (Jaber and Goyal, 2008) . These two numerical examples are used to test models described in chapter 6: the complex manufacturing supply chain system, the system involving reverse logistics, the system involving reverse logistics with transportation cost considered and the system involving reverse logistics with finite horizon period. The detailed data for these numerical examples are as follows: In example 1, for the manufacturer, the setup costs for products are 200, 000.
m P = Each product 1 or 2 requires 3 types of parts (p = 1, 2, 3). Each part requires two types of raw materials (w = 1, 2). The details of input parameters of parts are as follows: Table 2 Input parameters for parts Input parameters for raw materials are listed as follows: Table 4 Input parameters of raw materials The raw materials are supplied by two tier-2 suppliers who have the following input parameters: For the third party, in example 1, the setup cost for collecting all used products per cycle time, S (3) = 1, the cost for processing each returned used product, return rate of each used product, R 1 = 150,000, R 2 = 200,000, collecting rate for each used product, C 1 = 500,000 C 2 = 600,000, and holding cost for each returned used product, Fixed transportation cost (F) per unit delivery and fixed transportation cost (V) per cycle time and the capacity allowances minimum (a d min, a M min, a S' min, a S'' min, a 3 min) are 20, 5 and 0.04 in example 1 and 50, 10 and 0.5 in example 2 respectively. The solutions to the example problems are listed in Table 7 . ,197.96 209,790.37 196,176.06 194,308.9 In Table 7 , we can see that each player can be better off with one decision process while doing less well with another decision process. Especially, the manufacturer benefits more with the centralised and semi-centralised decision processes. This is understood as the manufacturer benefits from being the centre point of the optimisation process. For retailers, the decentralised decision-making process is the best. In the decentralised decision-making process, retailers determine their optimal common cycle time by themselves, so that total cost for retailers will be the minimum. Otherwise, the centralised decision-making process is more favourable for suppliers and distributors because these players can reduce inventory holding cost caused by safety stock for anticipating demand from retailers. The quantity discounts, delays in payment method and cost and profit sharing schemes can be applied to handle this situation. From Table 7 , we can also see that the number of transportation units for all level of the supply chain is relatively the same. It depends on integrated decision between all players in the supply chain so that the transportation cost is not so far different.
Summary and conclusions
This paper makes a contribution in this research area especially integrated decision of production, inventory and transportation problem in a typical whole manufacturing supply chain involving reverse logistics while most literature review are still far from these aspects together considered in a model or just considered some of them. The paper proposed a model for determining production, inventory and transportation decision among players in a whole green manufacturing supply chain which consists of multiple tier-2 suppliers, multiple tier-1 suppliers, a manufacturer, multiple distributors, multiple retailers and a third party. Used products are collected by the third party and returned to the manufacturer to be used and recycled again into finished products. Capacity constraints of transportation units are also considered. A mathematical model was developed which is stated as a mixed-integer nonlinear programming model. Two numerical examples are provided to illustrate and test the model. The results suggest that the model may be used to optimise integrated production, inventory and transportation decision in a whole green manufacturing supply chain results appear consistent for two numerical examples. The results also suggest that better overall supply chain performances may be achieved by coordinating decisions between players. However some players for instance retailers will do less well under coordinated decisions. Schemes need to be put in place to compensate for this in order to motivate every player to take part in coordinated decisions. The model is applicable for manufacturing industries such as automotive industry and consumer electronics industry where parts for products are usually produced by other companies as suppliers to a manufacturer which assembles the parts into products and where parts from used products may be collected and reused. As retailers could be supermarket chains, adoption of a common cycle couple may not be difficult. Implications of the model is that when we need to manage inventory and production decision we should considered the transportation unit if we separate the transportation cost from other costs such as ordering cost.
The main limiting factors in this paper are the basic assumption of a common cycle time and the use of different production facilities in producing different types of the finished products, parts and raw materials. Also, the demand for products is considered to be deterministic which is sometimes unrealistic in real applications. Furthermore, TL and LTL policy are needed to be considered. These all factors and aspects should be considered in future research directions. 
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